Introduction {#S0001}
============

Tuberculosis (TB) remains a major public health threat worldwide, and its associated mortality is higher than with any other infectious diseases.[@CIT0001] According to the Global Burden of Disease Tuberculosis Collaborators, there were 10.2 million and 10.1 million incident and prevalent TB cases in 2015, respectively, with 1.3 million deaths.[@CIT0002] Several interventions have been developed to eradicate TB, and the early identification of individuals at high-risk of TB is an essential component of TB control.[@CIT0003]--[@CIT0005] Latent TB infection (LTBI) is a condition in which *Mycobacterium tuberculosis* bacteria survive in the host in a dormant state, and individuals with LTBI are both asymptomatic and non-infectious.[@CIT0005] However, individuals with LTBI may develop TB in the near or remote future. Several studies[@CIT0006],[@CIT0007] using genotyping methods have reported that about a signification portion of cases of TB disease are due to the progression of LTBI. Therefore, the early recognition and appropriate treatment of LTBI to reduce the reservoir of *M. tuberculosis* could be an important public health strategy to reduce or even eradicate TB.

This finding prompted physicians to use oral vitamin D to treat TB in the 1940s, because vitamin D was made in the skin from sunshine. Many relevant and important work done in the 1800s and early 1900s using cod liver oil, sunshine, phototherapy and vitamin D to treat and cure TB infections. After the Nobel Prize in Medicine was awarded in 1903 to Dr Neils Ryberg-Finsen for curing hundreds of previously incurable cases of TB using refracted light rays from an electric arc lamp, UVB phototherapy has become the standard of care in treating TB infections for several decades. The issue of whether or not vitamin D is important in the treatment of TB was answered in the 1940s.[@CIT0008] Multiple reports showed the safety and efficacy of curing TB infections with oral vitamin D using doses of 100,000 to 150,000 units a day for 2 to 3 months, as well as sunshine, phototherapy and cod liver oil.[@CIT0008] Vitamin D is an essential hormone which can help maintain mineral homeostasis in humans.[@CIT0009] In addition to bones, vitamin D deficiency has been inversely associated with several diseases including cardiometabolic diseases,[@CIT0010] hypertension,[@CIT0011] and diabetes.[@CIT0012] Moreover, the immunomodulatory effect of vitamin D has been proven in several in vitro studies,[@CIT0013]--[@CIT0015] and some researches have also shown that vitamin D deficiency is significantly associated with an increased risk of active TB.[@CIT0016]--[@CIT0021] Although vitamin D deficiency is very common in all age groups,[@CIT0022] only few reports[@CIT0023],[@CIT0024] have examined the prevalence of vitamin D deficiency among individuals with LTBI. However, the association between vitamin D deficiency and LTBI remained unclear. Thus, we conducted this study to investigate the association between vitamin D deficiency and LTBI using a representative sample of the US population -- the National Health and Nutrition Examination Survey (NHANES).

Methods {#S0002}
=======

Study design and population {#S0002-S2001}
---------------------------

The NHANES is a series of population-based national surveys conducted in the US, and the collected information regarding the health and nutrition are released to the public every 2 years. Using a complex, stratified sampling design, the NHANES can select representative samples of US non-institutionalized civilians including Mexican Americans, African Americans, older adults and those with a lower socioeconomic status. The dataset used in this report was the NHANES 2011--2012. We included participants with available results of tuberculin skin testing (TST) or QuantiFERON^®^-TB Gold In-Tube (QFT-GIT). In this survey, TST and QFT-GIT were only performed on participants aged 6 years and older, and components of the survey interview used in this study included demographic characteristics, socioeconomic status, and TB questionnaires. NHANES study protocols were approved by the Institutional Review Board of the National Center of Health Statistics, and written informed consent was obtained from all enrolled participants.

Measurement of vitamin D, TST, and QFT-GIF {#S0002-S2002}
------------------------------------------

25-hydroxyvitamin D \[25(OH)D\] concentrations were detected by LC-MS/MS method.[@CIT0025] For the primary analysis, we categorized the serum 25(OH)D levels into four clinically relevant categories: severely deficient (\<12 ng/ml), deficient (12--\<20 ng/mL), insufficient (20 to \<30 ng/mL), and sufficient (≥30 ng/mL).[@CIT0026] The 25(OH)D levels were converted to ng/ml from nmol/L by multiplying by 0.4.

TST measurements were performed for each participant by technicians trained in the relevant guidelines, and Tubersol (Sanofi, Bridgewater, NJ) PPD was used for all testing. The results of TST were obtained 46--76 hrs after administration to facilitate patient scheduling, and the induration of TST was calculated as the average of up to three recorded TST results. If only one TST result was recorded, this result was used. A positive TST was defined as a reading of induration greater than or equal to 10 mm. QFT-GIT was performed and interpreted in accordance with CDC guidelines for the use of IGRAs.[@CIT0027] HIV testing was also performed in the NHANES among the subset of participants aged 18--59 years.

Covariates {#S0002-S2003}
----------

Variables including sex, age, education, race, birthplace, poverty status, smoking status, contact history with active TB patients, size of household site, underlying diseases, renal function, body mass index, alcohol history, season, and associated history of LTBI including BCG scar, past LTBI treatment, previous test for LTBI, and history of TB disease were collected. The primary outcome of interest was the presence of LTBI according to a positive TST or QFT-GIT.

Statistical analysis {#S0002-S2004}
--------------------

Responses coded as "don't know", "refused", or "missing" in the original NHANES data were treated as missing. We accounted for the complex multi-stage stratified sampling technique of the NHANES by using Medical Examination Center sample 2-year weights to adjust for unequal probability of selection and nonresponse; additional weights were calculated for TST or QFT-GIT nonparticipation.[@CIT0028] For descriptive statistics, weighted numbers and percentages for categorical variables were used. The Rao-Scott χ2 test was used to assess differences in LTBI status between categories of each characteristic. In addition, the weighted means and 95% confidence intervals (CIs) of serum 25(OH)D levels were calculated.

We estimated crude odds ratios (ORs) and 95% CIs between serum 25(OH)D levels and LTBI using weighted logistic regression. Model 1 described the association between LTBI and a 10-ng/mL increase in serum 25(OH)D level, while model 2 described the association between LTBI and categorical serum 25(OH)D levels. Adjusted ORs and 95% CIs were calculated using multivariate logistic regression models adjusted for sex, age, race and/or ethnicity, income-to-poverty ratio \<1, education, foreign birth, BMI, DM, and hypercholesterolemia.

All analyses were conducted using SAS Survey Procedure software (SAS Institute, version 9.4; Cary, North Carolina). All tests were two-sided, and the level of statistical significance was set at *p*\<0.05.

Results {#S0003}
=======

Participant characteristics {#S0003-S2001}
---------------------------

[Table 1](#T0001){ref-type="table"} summarizes the demographic characteristics of the study population. Overall, 658 (10.8%) of the participants had positive TST or QFT-LTBI. There were significant differences between the LTBI and non-LTBI groups. The LTBI group was older and more predominantly male than the non-LTBI group (both *p*\<0.005). In addition, the LTBI group were more likely to be non-Hispanic black, Mexican American and Asian, and to be born in foreign countries than the non-LTBI group (all *p*\<0.0001). The LTBI group were also more likely to live with active TB patients than the non-LTBI group (*p*\<0.0001). The non-LTBI group had a higher education level and income than the LTBI group (both *p*\<0.005). Smoking status and the prevalence of most underlying conditions including HIV status, malignancy, hypertension, and renal function were similar between the two groups. The LTBI group had a lower 25(OH)D level than the non-LTBI group (*p*=0.0012).Table 1Demographic of subjects with and without LTBI (n=6,083)N (%) of LTBI (positive TST or QFT), n=658N (%) of non-LTBI, n=5,425*P*-valueAge, year\<0.0001 6--1424 (2.15)1,249 (11.91) 15--2453 (8.45)931 (14.62) 25--44162 (29.59)1,270 (28.36) 45--64267 (40.60)1,214 (30.48) ≥65152 (19.21)761 (14.64)Male375 (54.77)2,660 (47.78)0.0036Race/ethnicity\<0.0001 Nonhispanic white80 (30.93)1,947 (68.10) Nonhispanic black154 (14.73)1,517 (11.78) Mexican american107 (19.31)706 (8.39) Asian184 (16.84)529 (3.18) Other133 (18.19)726 (8.54)Birthplace\<0.0001 US221 (44.87)4,423 (88.72) Foreign437 (55.13)1,000 (11.28)Ever lived with someone with active TB41 (7.39)135 (2.19)\<0.0001Education0.0002 \< high school graduate268 (35.81)2,427 (29.19) High school graduate/GED or more135 (23.38)840 (17.29) Beyond high school255 (40.81)2,155 (53.5%)Poverty income ratio\<0.0001 ≥1 (nonpoverty)411 (73.23)3,609 (81.76) \<1 (poverty)174 (26.77)1,434 (18.24)Smoking status0.4318 Nonsmoker367 (56.87)2,993 (58.63) Passive smoker152 (19.48)1,478 (19.67) Active smoker139 (23.64)954 (20.21)Underlying disease Diabetes99 (13.34)443 (7.57)0.0031 HIV status2 (0.41)14 (0.39)0.9468 Malignancy37 (7.25)311 (9.71)0.3018 Hypertension233 (34.60)1,335 (30.55)0.1285 Hypercholesterolemia246 (38.76)1,184 (33.96)0.0263eGFR0.1543 eGFR \<6049 (6.58)351 (8.03) eGFR 60--90240 (38.79)1,495 (41.87) eGFR \>90340 (54.63)2,614 (50.10)Previous TST testing Previous positive TST117 (29.30)101 (3.18)\<0.0001Previous IGRA testingHistory of TB disease23 (3.22)9 (0.08)\<0.0001Ever alcohol use362 (71.92)2,599 (80.52)0.0015Season0.0108 Winter (Nov-April)329 (55.37)2,649 (45.57%) Summer (May-Oct)329 (44.63)2,776 (54.4325(OH)D ng/ml^a^25.08 (23.63--26.52)28.14 (26.74--29.55)0.0012Vit D categories\<0.0001 ≥30165 (27.25)1,513 (39.74) 20--29232 (37.07)2,047 (36.53) 12--19189 (26.50)1,396 (18.78) \<1264 (9.18)416 (4.96)[^2][^3]

Association between serum 25(OH)D level and LTBI {#S0003-S2002}
------------------------------------------------

Unadjusted analysis of the association between serum 25(OH)D level and LTBI is shown in [Table 2](#T0002){ref-type="table"}. Overall, the risk of LTBI was significantly higher in the participants with serum 25(OH)D levels \<12 ng/ml (crude OR, 2.70; 95% CI, 1.59--4.60) and 12--19 ng/ml (crude OR, 2.06; 95% CI, 1.38--3.08) compared to those with a level ≥30 ng/ml. These significant associations remained unchanged in both male and female participants, and summer and winter seasons. In addition, the risk of LTBI was highest among the participants with a serum 25(OH)D level \<12 ng/ml, and inverse associations between serum 25(OH)D level and the risk of LTBI among both genders and seasons were noted ([Figure 1](#F0001){ref-type="fig"}). The analysis of the association between serum 25(OH)D level and LTBI after adjusting for sex, age, race, poverty, education, birthplace, BMI, DM, and hypercholesterolemia is shown in [Table 3](#T0003){ref-type="table"}. Overall, the adjusted risk of LTBI was significantly higher in the participants with serum 25(OH)D levels \<12 ng/ml (adjusted OR (aOR), 2.27; 95% CI, 1.40--3.66) and 12--19 ng/ml (aOR, 1.75; 95% CI, 1.25--2.46) compared to those with a level ≥30 ng/ml. The higher risk of LTBI in the participants with serum 25(OH)D levels \<12 ng/ml (adjusted OR (aOR), 2.23; 95% CI, 1.36--3.66) and 12--19 ng/ml remained unchanged in both male and summer season subgroups.Table 2Crude association between serum 25-hydroxyvitamin D \[25(OH)D\] level and latent TB infectionCharacteristicsCrude OR (95% CI)Crude OR (95% CI), by genderCrude OR (95% CI), by seasonAll sampleMaleFemaleSummerWinterContinuous serum 25(OH)D level Per 10 ng/mL increase0.76 (0.64--0.89)0.75 (0.58--0.97)0.77 (0.64--0.93)0.80 (0.72--0.89)0.76 (0.59--0.98)Categorical serum 25(OH)D level \<12 ng/mL2.70 (1.59--4.60)3.16 (1.73--5.79)2.33 (1.19--4.57)1.89 (1.21--2.95)3.48 (1.91--6.33) 12--19 ng/mL2.06 (1.38--3.08)2.30 (1.42--3.75)1.80 (1.09--2.96)1.54 (1.06--2.25)2.36 (1.56--3.58) 20--29 ng/mL1.48 (0.94--2.34)1.58 (0.91--2.75)1.33 (0.79--2.23)1.12 (0.72--1.74)1.74 (1.01--3.03) ≥30 ng/mL1.01.01.01.01.0 Table 3Adjusted the association between serum 25(OH)D level and latent TB infectionCharacteristicsaOR^a^ (95% CI)aOR^a^ (95% CI), by genderaOR^a^ (95% CI), by seasonAll sampleMaleFemaleSummerWinterContinuous serum 25(OH)D level Per 10 ng/mL increase0.84 (0.71--0.99)0.81 (0.58--1.12)0.86 (0.73--1.02)0.79 (0.67--0.93)0.96 (0.71--1.29)Categorical serum 25(OH)D level \<12 ng/mL2.27 (1.40--3.66)2.78 (1.45--5.32)1.91 (0.88--4.16)2.03 (1.15--3.59)2.18 (1.25--3.80) 12--19 ng/mL1.75 (1.25--2.46)2.17 (1.22--3.81)1.40 (0.92--2.14)1.66 (1.03--2.66)1.51 (0.85--2.71) 20--29 ng/mL1.36 (0.87--2.14)1.70 (0.81--3.54)1.09 (0.74--1.62)1.20 (0.71--2.02)1.42 (0.78--2.59) ≥30 ng/mL1.01.01.01.01.0[^4] Figure 1The association between the risk of LTBI and serum 25(OH)D level among both genders (**A**) and seasons (**B**).

Discussion {#S0004}
==========

In this study, we showed that serum 25(OH)D levels were inversely associated with the risk of LTBI in a nationally representative sample of US adults. This significant association was demonstrated in several ways. First, the LTBI group had a lower serum level of 25(OH)D and higher frequency of vitamin D deficiency (\<30 ng/m) than the non-LTBI group. Second, the adjusted ORs of LTBI risk were about two folds higher in the participants with severe vitamin D deficiency (\<12 ng/m) compared to those with a sufficient serum 25(OH)D level (≥30 ng/m). Third, a reciprocal association between serum 25(OH)D level and the risk of LTBI was noted, with a lower serum 25(OH)D level being associated with a higher prevalence of LTBI. Fourth, although a previous study[@CIT0024] showed that the risks of vitamin D deficiency was increased by two-fold in female patients and 1.4-fold in winter, the associations between lower serum 25(OH)D level and higher risk of LTBI remained significant across both genders and was unchanged by seasonality. To the best of our knowledge, this is the first large population-based study to provide recently updated and comprehensive estimates of the association between serum 25(OH)D levels and risk of LTBI. Our findings are consistent with a previous study from Spain, in which Arnedo-Pena et al[@CIT0023] demonstrated that the mean serum 25(OH)D level in TST conversion cases was lower than in controls (17.5±5.6 ng/ml versus 25.9±13.7 ng/ml; *p*=0.041), and that a sufficient serum 25(OH)D level was a protector against TST conversion. In summary, our findings demonstrated that a low 25(OH)D was a significant risk factor for LTBI in US populations. Since the discovery of antibiotics in the 1940s, the use of vitamin D to treat TB has been forgotten. However, according to our finding and previous study,[@CIT0033] vitamin D may be a useful option to help eradicate TB.

Vitamin D deficiency has long been accepted to be associated with impaired immunity and increased risk of TB.[@CIT0029] Many types of immune cells including monocytes, macrophages, and T-lymphocytes have been proven to play a role in *Mycobacterium tuberculosis* (MTB) resistance.[@CIT0013],[@CIT0030],[@CIT0031] Correction of vitamin D deficiency allows vitamin D to turn on a gene in white blood cell that makes t cathelicidin in response to sensing TB in the body. The gene can't be turned on in a sustained way to make adequate amounts of antibiotic if there is insufficient supply of vitamin D in the circulation. It seems apparent that Finsen was able to cure chronic case of TB by causing sustained production of vitamin D, which then led to sustained production of cathelicidin.[@CIT0013] In addition, it has also been reported that vitamin D can induce interleukin-1beta (IL-1β) secretion and further modulate paracrine signaling, which reinforces the role of macrophages in innate immune regulation.[@CIT0030] Another study reported that vitamin D can improve the coordinated response to MTB of monocytes and T-lymphocytes with frequent MTB exposure.[@CIT0029] These findings may suggest that vitamin D plays a role in preventing MTB infection.

To date, the optimal vitamin D level for health and the classification of sufficient versus nonsufficient vitamin D levels remains controversial; however, a serum level of 25(OH)D \<12 ng/mL is generally considered to indicate a severe deficiency in vitamin D.[@CIT0032] Although the National Institutes of Health defines a serum 25(OH)D level of ≥20 ng/mL as adequate, some experts suggest that 20--29 ng/mL is still not sufficient, and that ≥30 ng/mL should be considered sufficient.[@CIT0032],[@CIT0033] In this study, we found that the participants with a serum 25(OH)D level of \<20 ng/ml had a higher risk of LTBI, and the risk was higher with a serum level of \<12 ng/ml. Although this indicates that the optimal level of 25(OH)D to prevent LTBI should be \>20 ng/ml, the optimal 25(OH)D levels that it remains unknown whether supplementation would modify risk.

This study has several strengths. First, the NHANES is a representative sample of the US population that rigorously follows very well designed study protocols with extensive quality assurance and quality control. Therefore, the large study population in this analysis was representative of the US population. Moreover, our findings are robust, reliable and generalizable. Second, we used a comprehensive approach to evaluate serum 25(OH)D levels both as continuous and categorical variables. As a result, we not only detected trends in a continuous model but also found supporting evidence of the clinical importance in the categorical classification. Third, many variables, including age, race/ethnicity, and TB exposure status were assessed as potential confounders and adjusted for in the analysis.

The study also has several limitations. First, causal relationships could not be investigated due to the cross-sectional design. Second, the season-at-examination variable used in this analysis was binary, although season and sun exposure are critical to serum 25(OH)D levels. However, that binary variable was the only available temporal information, since the NHANES does not provide dates of examinations. Moreover, even though the seasonality of serum 25(OH)D levels in the NHANES could be a confounder because of the sampling design wherein data are collected from northern states in the summer and southern states in the winter, the association between vitamin D deficiency and LTBI remained constant in different seasons. Third, although we adjusted for many potential confounders, we cannot rule out residual confounding or the effect of unmeasured confounders.

In conclusion, in this large national sample, serum 25(OH)D levels were significantly associated with the risk of LTBI in US adults, and a low 25(OH)D level was a significant risk factor for LTBI. Further studies are warranted to investigate the potential benefits of maintaining optimal vitamin D levels to prevent LTBI.
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